We explore the international transmission of monetary policy and central bank information shocks by the Federal Reserve and the European Central Bank. Identification of these shocks is achieved by using a combination of highfrequency market surprises around announcement dates of policy decisions and sign restrictions. We propose a high-dimensional macroeconometric framework for modeling aggregate quantities alongside country-specific variables to study international shock propagation and spillover effects. Our results are in line with the established literature focusing on individual economies, and moreover suggest substantial international spillover effects in both directions for monetary policy and central bank information shocks. In addition, we detect heterogeneities in the transmission of ECB policy actions to individual member states.
INTRODUCTION
The effects of a central bank's actions are not confined to the respective domestic economy. This is especially true for central banks of key economies or monetary unions, such as the Federal Reserve Bank (Fed) and the European Central Bank (ECB). In light of globalized financial markets and increasingly interlinked economies, it is of great interest to analyse how monetary policy shocks propagate internationally. A large body of literature studies spillover effects of Fed policy decisions to the world economy, given the importance of the US dollar and consequences of monetary policy actions by the Fed for the global financial cycle (Kim, 2001; Ehrmann et al., 2011; Eickmeier and Ng, 2015; Feldkircher and Huber, 2016; Miranda-Agrippino and Rey, 2015; Dedola et al., 2017; Gerko and Rey, 2017; Crespo Cuaresma et al., 2019) . However, the international effects of actions by other central banks have received less attention, and the literature on the global transmission of ECB policy actions is limited (for exceptions, see Ehrmann et al., 2011; Potjagailo, 2017; Feldkircher et al., 2019) .
A key issue when analysing monetary non-neutrality is how to identify exogenous variation in monetary policy. To circumvent concerns of implausible identifying restrictions in vector autoregressive (VAR) models, the recent literature exploits high-frequency data for constructing external instruments to achieve structural identification (Gertler and Karadi, 2015; Paul, 2018) . Contributions in this spirit draw from the literature using event studies to capture surprise variation in policies and track changes in key forward-looking financial quantities like interest rates futures and swaps or stock prices in tight windows around central bank policy announcement dates (Kuttner, 2001; Cochrane and Piazzesi, 2002; Bernanke and Kuttner, 2005; Gürkaynak et al., 2005; Altavilla et al., 2019) .
Monetary policy announcements, however, also convey the central banks' assessment of the economic outlook. Recent papers refer to updates in private sector beliefs about future developments in response to policy announcements as "information effects" (Romer and Romer, 2000; Nakamura and Steinsson, 2018) . Individually for both the United States (US) and the euro area (EA), Jarociński and Karadi (2019) explore that disregarding central bank information shocks produces biased results in high-frequency analyses of the effects of monetary policy, and thus propose to separately identify monetary policy shocks alongside orthogonal central bank information shocks. In this paper, we combine the literature on high-frequency identification of monetary policy shocks with papers studying international transmission channels and spillover effects. Our contributions are threefold.
First, we propose a variant of a Bayesian global vector autoregressions (GVAR) with factor stochastic volatility for jointly modeling aggregate and country-specific information, equipped with a flexible shrinkage prior to exploit the cross-sectional dimension of the panel structure for precise inference. This establishes a nexus to the literature on panel VARs (for overviews, see Canova and Ciccarelli, 2013; Feldkircher et al., 2020) . Second, we provide methods for high-frequency identification of monetary policy and central bank information shocks for multi-country systems, combined with sign restrictions on the full covariance matrix. Our approach draws from and extends Jarociński and Karadi (2019) .
Third, we discuss empirical findings for international effects and spillovers of both US and EA monetary policy and central bank information shocks. We estimate the model based on a panel of monthly macroeconomic and financial series ranging from 1999:01 to 2016:12 for eleven EA countries (Austria, Belgium, Germany, Spain, Finland, France, Greece, Ireland, Italy, the Netherlands and Portugal), Canada, Denmark, Japan, Sweden, the United Kingdom and the United States. The countryspecific data is complemented by a set of aggregate variables for the EA. High-frequency surprises around ECB monetary policy events are taken from the database provided by Altavilla et al. (2019) , while we rely on data from Jarociński and Karadi (2019) for the corresponding Fed policy surprises.
Our results indicate that disentangling monetary policy and central bank information shocks for multi-country systems produces results in line with previous papers focusing on individual economies (see Jarociński and Karadi, 2019) . Empirical evidence of spillovers for both Fed and ECB policy actions are provided, corroborating findings in previous contributions on the importance of international effects of domestic central banking (Ehrmann et al., 2011; Dedola et al., 2017; Gerko and Rey, 2017) . Monetary policy spillovers from the ECB have not yet been studied extensively, while central bank information spillovers are new to the literature. We find significant international effects in conjunction with pronounced domestic responses of both monetary and central bank information shocks caused by the Fed and the ECB, respectively. The proposed econometric framework moreover allows to study heterogeneities in the responses of EA member states to the common monetary policy. We estimate differences in the transmission of ECB policy shocks to individual member states (see also Ciccarelli et al., 2013; Barigozzi et al., 2014; Potjagailo, 2017) .
The remainder of the paper is organized as follows. Section 2 proposes the multicountry framework. Section 3 provides information on the dataset and model specification, while Section 4 discusses the empirical findings. Section 5 concludes.
ECONOMETRIC FRAMEWORK
In this section we propose a novel macroeconometric framework capable of modeling aggregate data alongside country-specific variables. Letỹ 0t denote ak × 1 vector of financial variables for the US and the EA, m US,t and m EA,t are m×1 vectors of exogenous shocks to financial instruments. We stack these quantities in an l×1 vector y 0t = (m US,t , m EA,t ,ỹ 0t ) with l = 2m+k. Moreover, y jt is a k ×1 vector containing country-specific macroeconomic and financial variables for countries j = 1, . . . , N . Following Pesaran et al. (2004) , we use a set of weights w ij for i = 0, . . . , N and j = 1, . . . , N subject to the restrictions w ij ≥ 0, N j=1 w ij = 1 and w ii = 0 and construct k × 1 vectors x it = N j=1 w ij y jt .
The aggregate model follows a vector autoregressive structure similar to Jarociński and Karadi (2019) , augmented with cross-sectional weighted averages of the country-specific vectors,
x 0t−q + 0t , or using more compact notation,
Here, α 0 is an l × 1 intercept vector, and coefficient matrices associated with the autoregressive lags and the cross-sectionally weighted country-specific vectors are A 0p (p = 1 . . . , P ) of size l × l and B 0q (q = 1, . . . , Q) of dimension l × k. We impose a set of zero restrictions on the coefficient matrices and the intercept, assuming that market surprises are unpredictable (Jarociński and Karadi, 2019) . Moreover, we include an l × 1 error vector 0t specified below.
For the set of country-specific models, we propose a specification similar to Fischer et al. (2019) and rely on vector autoregressions:
where α j again denotes a k × 1 vector of intercepts, and A jp (p = 1 . . . , P ) and B jq (q = 1, . . . , Q) are k × k coefficient matrices associated with the domestic and foreign country lagged endogenous vectors. Moreover, we include lags of the aggregate vector y 0t with associated k × l coefficient matrices C jr (r = 1, . . . , R).
We stack the reduced form errors in a K × 1 vector t = ( 0t , 1t , . . . , N t ) with K = l + kN . Following Kastner and Huber (2017) , the full system error term is modeled using a flexible factor stochastic volatility structure:
Here, f t is an F ×1 vector of latent common static factors, where the number of factors F is much smaller than the number of endogenous variables. The factors follow a Gaussian distribution with zero mean and diagonal covariance matrix Σ t = diag (exp(σ 1 ), . . . , exp(σ F )), while the idiosyncratic errors η t follow a normal distribution with zero mean and diag-onal covariance matrix Ω t = diag (exp(ω 1t ), . . . , exp(ω Kt )). For the logs of the diagonal elements in Σ t and Ω t , we assume independent autoregressive processes of order one,
This yields a full time-varying covariance matrix for t , which is given by Ξ t := LΣ t L + Ω t . 1 Structural identification of the model can be achieved by imposing restrictions on the elements of the full-system covariance matrix. We discuss details on the adopted strategy for identifying monetary policy and central bank information shocks in Section 3.2.
Bayesian estimation
Bayesian methods are used for estimation and inference. In a first step, we vectorize the VAR coefficients for the aggregate block and the individual countries,
Here, a 0 is of sizeL × 1 withL =k[kP + kQ + 1] where we index the ith element by a 0i .
The vectors a j for j = 1, . . . , N are L × 1-dimensional with L = k[k(P + Q) + lR + 1].
For the aggregate model, we rely on the global-local prior proposed in Griffin and Brown (2010) adopted for VAR models in Huber and Feldkircher (2019) . We assume the coefficients a 0i to follow scale-mixtures of Gaussian distributions,
This prior pushes all coefficients towards zero, where the global parameter λ τ dictates the overall degree of shrinkage, and the local scalings τ 0i pull prior weight away from zero if there is evidence for non-zero relationships between variables. The degree of sparsity in the respective VAR coefficient matrices dependes crucially on the hyperparameter b τ , and thus we integrate it out in a Bayesian fashion. Here, we assume an exponential prior b τ ∼ E(1) centering the specification on the Bayesian Lasso (see also Park and Casella, 2008; Huber and Feldkircher, 2019) .
The prior setup for the country-specific coefficients is designed for situations referred to in the panel VAR literature as cross-country homogeneity and is similar to Jarociński (2010), Fischer et al. (2019) or Pfarrhofer (2019) . We assume the a j to come from a common multivariate Gaussian distribution,
Here, µ and V = diag(v 1 , . . . , v L ) denote the prior mean and covariance matrix that are estimated in a hierarchical fashion (see also Verbeke and Lesaffre, 1996; Allenby et al., 1998; Frühwirth-Schnatter et al., 2004) . For this purpose, we assume a Gaussian prior
For the prior variances governing the degree of similarity between countries, we assume independent inverse Gamma priors, 
DATA AND IDENTIFICATION
Our model is estimated based on a panel of monthly data ranging from 1999:01 to 2016:12.
External instruments in Eq. (1) are constructed using the high-frequency monetary event database provided by Altavilla et al. (2019) . This database relies on the Thomson Reuters Tick History and collects a broad class of asset price changes around monetary policy announcements, covering both policy announcements per se (in a narrow 30 minute window around the event) and subsequent press conferences revealing additional information about the policy decision (captured in a 90 minute event-window). Using such narrow windows around the monetary announcement events minimizes the risk of other shocks than the monetary policy decision affecting asset prices, providing an argument for the claim of exogeneity of these shocks.
In line with Jarociński and Karadi (2019) we take the sum of both intra-day events to obtain the surprise measure, and include high-frequency information on the 3-month overnight index swap based on the EONIA rate and the Euro Stoxx 50 in m EA,t . To obtain the shocks on a monthly frequency, we take the sum of all events within a given month. The corresponding series for m US,t are taken from Jarociński and Karadi (2019) and reflect high-frequency movements in Fed funds futures and the S&P 500 (for details, see also Bernanke and Kuttner, 2005; Gürkaynak et al., 2005) .
For the set of US and EA aggregate quantities, we rely on the dataset used in Jarociński and Karadi (2019). As short-term interest rates, we use the one-year US treasury yield, and the one-year Bund yield as the safest EA interest rate. To capture stock market reactions, we include the S&P 500 and the Euro Stoxx 50 index. As a monthly measure of economic activity, we rely on industrial production, while prices are measured by the consumer price index. For measuring financial conditions, we rely on the excess bond premium (EBP, Gilchrist et al., 2009) for the case of the US, and BBB bond spreads in the EA. For the US block, we moreover consider the ten-year treasury yield, while information on longer-term government bond yields for EA countries is included on the country-level.
The set of variables for the aggregate equations is completed by the USD/EUR exchange rate. A summary of the employed series, transformations and sources of the data are provided in Appendix A.
The set of macroeconomic and financial variables in the country-specific models of Eq. (2) 3 We include information on consumer prices excluding food and energy as a monthly price indicator. As country-specific equity prices, we use indexes of total share prices for all shares on the country-level. Industrial production serves as a monthly indicator of economic performance. International finance is captured using ten-year government bond yields across all countries. The set of variables is completed by the harmonized unemployment rate.
Model specification
For estimation, we pre-process the data and standardize it to have zero mean and unit variance, while we scale the resulting impulses by the standard deviation of the original series to make the units interpretable in the context of structural inference. It remains to specify the exogenous weights for the individual countries in Eq. (1), and the bilateral country-specific weights in Eq.
(2). First, weights w 0j (j = 1, . . . , N ) for the aggregate block are constructed based on averages of relative gross domestic product contributions over time. Second, for the individual country weights w ij (i, j = 1, . . . , N ), we rely on bilateral flows of exports and again use an average over time.
We use a lag length of P = Q = R = 4. Using up to 12 endogenous lags leaves the results qualitatively unchanged but entails a substantially larger computational burden. It remains to specify the number of factors to capture the latent forces driving the evolution of the covariance matrix. Here, we estimate the model over a grid of different choices and compute the deviance information criterion (DIC, Spiegelhalter et al., 2002) . This procedure selects F = 10 as the best fit, however, varying the number of factors also leaves the results qualitatively unchanged.
Structural identification of the shocks
Achieving identification of structural shocks in multi-country models is a challenging task.
Much of the established GVAR literature relies on generalized impulse response functions, locally identifying a shock within a country-block and tracing its transmission to other economies via the relationships captured by including contemporaneous weakly exogenous variables (see, for instance, Dees et al., 2007; Feldkircher and Huber, 2016) . By contrast, the factor stochastic volatility specification in Eq.
(3) yields a full-system covariance matrix Ξ t that we use for identifying the monetary policy and central bank information shocks.
Our identification strategy follows Jarociński and Karadi (2019) who exploit the notion that a substantial number of positive high-frequency surprises in interest rates are accompanied by positive stock price movements. Disregarding such positive co-movements around announcement dates yields biased results for monetary policy shocks when relying solely on exogenous movements in interest rates, as in Gertler and Karadi (2015) . Using both high-frequency data on interest rates and stock prices allows for disentangling the information shock from the pure monetary policy shock via sign restrictions.
The high-frequency surprises alongside the respective short-term rates are depicted in the left plots of Fig shocks, which following their narrative, reflect central bank information shocks. Given that a substantial number of months feature positive co-movement shocks, especially in the EA, it is unsurprising that disregarding this information yields biased results in terms of standard high-frequency identification of monetary policy shocks.
High-frequency identification is achieved by noting that the surprises in interest rates and stock prices are measured in tight windows around announcement dates, minimizing the risk of other shocks than the monetary policy announcement inducing variation.
Consequently, the series can be considered exogenous and are valid external instruments.
To orthogonalize the montary policy and the central bank information shock, we impose the sign restrictions set forth in Jarociński and Karadi (2019) on the contemporaneous responses of the instruments.
In particular, a contractionary monetary policy shock increases interest rates, while the expected economic contraction and basic asset pricing theory suggests declines in stock prices. The central bank information shock also increases interest rates, however, the rate increase reveals confidence of the central bank regarding the economic outlook yet concealed from the private sector, which yields upward movements in stock prices.
Further restrictions on the low-frequency variables guarantee the impact reactions of the shadow rates and the stock indexes to correspond to the surprise dynamics. To achieve identification of distinct US and EA shocks, we rule out contemporaneous responses of the high-frequency instruments across country blocks. An overview of the restrictions imposed as soft constraints on impact is provided in Tab. 1.
Notice that the covariance matrix Ξ t varies over time and in principle, the proposed setup allows to produce impulse response functions for each point in time (for an example, see Crespo Cuaresma et al., 2019). Stochastic volatilities play only a minor role in the employed dataset, and for the sake of brevity we take the arithmetic average of this matrix over time that we denote by Ξ. We impose the restrictions in Tab. 1 using the algorithm set forth in Rubio-Ramirez et al. (2010) . Here, we first use a decomposition of the covariance matrix of the form Ξ = QQ , with Q denoting the lower triangular Choleski factor of Ξ.
Disregarding restrictions on the low-frequency variables for the sake of brevity, following the approach outlined in Rubio-Ramirez et al. (2010), we construct m × m orthonormal rotation matricesR US andR EA withR USR US = I [m×m] andR EAR EA = I [m×m] . Similar to Jarociński and Karadi (2019) , we define matrices
Postmultiplying the lower Choleski factor by this matrix, that is, QR provides a draw of the contemporaneous impulse response functions. We repeat this procedure until we find a suitable rotation matrix R that satisfies the sign restrictions in Tab. 1. Subsequently, standard methods from impulse response analysis apply to construct the responses over the full desired horizon for all endogenous variables.
EMPIRICAL RESULTS
In this section we discuss structural inference on the monetary policy and central bank information shocks for both the Fed and the ECB. First, we focus on aggregate induced dynamics for the US and the EA. Second, we consider heterogeneities and spillover effects on the country-level. We start by discussing the responses of the US and the EA to a monetary policy shock by the Fed. The contractionary shock increases interest rates in the US on impact by roughly 0.1 percentage points (PPs) with a rather persistent response, while ten-year government bond yields show decreases in a few months after impact. Our findings for the short-term rate are significant for approximately six months after impact.
Aggregate responses for the US and the EA
In line with economic theory and the imposed sign restrictions, equity prices measured by the S&P 500 index decrease by about one percent on impact, with significant negative effects occuring for roughly a year. Output does not react immediately, however, we find a significant decline between four to six months after the shock. The same is true for consumer prices, with significant declines for approximately seven months. Financial conditions captured by the Gilchrist et al. (2009) EBP worsen briefly after impact, however, tend to improve significantly over the subsequent six to 16 months. We find small negative impacts for the exchange rate, with the US dollar appreciating against the euro over the considered horizon between six months and two years. Our results are comparable to those of Jarociński and Karadi (2019) who consider the US and the EA individually. The implied dynamics for the domestic responses of the EA to an ECB shock are similar, with the stock market, GDP and consumer prices declining, while the euro appreciates against the dollar.
Turning to the spillover effects, we provide substantial evidence for significant impacts of Fed policy on the EA and vice versa. In particular, we find that interest rates in the EA do not react on impact of the US shock, but show significant increases after about sixth months. Stock markets decline significantly on impact, however, with effects smaller in magnitude when compared to the respective domestic shock. This result corroborates findings in Ehrmann et al. (2011) . Aggregate EA industrial production exhibits insignificant initial contractions in response to the Fed shock, but overshoots in the subsequent months, while consumer prices show no significant responses. Financial conditions in the EA co-move with the domestic response in the US on impact, however, we find significant improvements in financial conditions after the sixth month after the shock.
Assessing spillover effects from ECB policy to the US economy are similar, but exhibit some key differences. Most importantly, industrial production tends to decline after the EA shock, however, the response is insignificant and we find a similar overshooting behavior one year after impact. Interestingly, we identify pronounced declines in US consumer prices. The effects on financial conditions measured by the excess bond premium are insignificant on impact, and we find significant declines after six months. The ten-year treasury rate exhibits an insignificant reaction on impact, but turns negative after two months, with pronounced and significant effects for about six months and larger effects than to the domestic US monetary policy shock. The corresponding impulse responses to a central bank information shock caused by the Fed and ECB respectively are displayed in Fig. 3 . For the sake of brevity, we skip discussing the domestic responses that are again in line with Jarociński and Karadi (2019) and turn directly to spillover effects from central bank information shocks.
Starting with spillovers of information shocks from the Fed to the EA, we find small but significant impacts on short-term EA interest rates, and in line with the imposed sign re-strictions, the stock prices increase by roughly 0.5 percent. The magnitude of the response is thus about half of those to domestic EA shocks, however, the effects are significant for a longer period after the shock. The impulse response function for industrial production is insignificant for the considered horizon. We find slightly expansionary movements that die out quickly and turn negative after six months. Interestingly, we observe downward pressure on consumer prices in the EA after a Fed information shock, with responses turning significant after about a year. Financial conditions improve on impact of the shock, but the response turns negative after a few months, with pronounced significant effects after six months. The shape of the impulse response function is comparable to the domestic shock, with the spillover response exhibiting smaller effects. Exchange rates show no significant response on impact, however, we find that the dollar appreciates against the euro after six months.
Conversely, spillovers from ECB information shocks to the US exhibit similar dynamics. While short-term interest rates again remain unaffected on impact of the shock, we find significant decreases after about a year. The S&P 500 index increases by about 0.75 percent, smaller than the domestic response of about one percent. The industrial production response for the US is briefly significantly different from zero after five months, but we again find that it turns negative after approximately a year. Mirroring the monetary policy shock, EA information shocks tend to significantly increase consumer prices in the US, and the same is true for the excess bond premium. Last, we detect increases in the ten-year treasury yields.
Country-level responses
To further assess spillover dynamics, we provide the impulse response functions to Fed and ECB monetary policy and central bank information shocks on the country-level. This allows for discussing international effects in more detail, but also enables us to trace heterogeneous transmission of common monetary policy for the EA to its member states. Figure 4 shows the reactions of country-level long-term rates, equity prices, consumer prices, industrial production and unemployment to a contractionary monetary policy shock caused by the Fed and the ECB, respectively in panels (a) to (e). The corresponding results for central bank information shocks are displayed in Fig. 5 . Again, the median response to the Fed shock is given by the dashed line alongside green 68 percent posterior coverage bands, and the response to the ECB shock is provided by the solid line with uncertainty bands in blue.
The effects of a Fed monetary policy shock to long-term rates across countries in Fig. 4(a) are muted for the first six months after impact, with some countries exhibiting small but significant negative effects similar to (Ehrmann et al., 2011) . Interestingly, after approximately six months, the response turns positive, with effects of comparable magnitude for most EA member states. It is worth mentioning that particularly strong spillover effects are observable for Ireland, Spain and Portugal. For the remaining economies other than Japan, the responses are insignificant for the whole impulse response Note: The solid and dashed lines denote the posterior median estimates, with blue and green shaded areas indicating the 68 percent posterior credible sets. Responses to a monetary policy shock by the Fed are in green, while a shock by the ECB is blue. horizon considered. The ECB monetary policy shock shows a different pattern across economies. In particular, for all countries considered, we observe declines in long-term rates, consistent with often employed identifying restrictions. Monetary tightening exerts downward pressure on inflation and thus inflation expectations, causing a reduction of term spreads and a flattening of the yield curve (Diebold et al., 2006; Benati and Goodhart, 2008) . Dynamics following the central bank information shocks, depicted in Fig. 5(a) essentially mirror the monetary policy shock, indicating that the longer end of the yield curve is affected with a delay of a few months, increasing long-rates.
The relationship between monetary policy shocks in the US and consequences for global equity markets is well researched (see, for instance, Ehrmann and Fratzscher, 2009; Hausman and Wongswan, 2011) . In line with the preceding literature, particularly strong spillover effects are observable for equity prices in Fig. 4(b) , reflecting tight linkages in financial markets. The strength of the spillover effects may be explained by the particular degree of integration of countries, and not necessarily bilateral relations to the US (or the EA), suggested by Ehrmann and Fratzscher (2009) . This notion points towards the importance of higher-order spillover effects across country-specific equity markets. Both a Fed and an ECB monetary policy shock decrease equity prices across economies between 0.5 and one percent. A few points are worth noting here. As expected, responses to ECB shocks of EA economies are slightly more pronounced than to Fed policy, most notably in Germany, Finland, France and Italy. With some exceptions, the responses are significantly different from zero for roughly six months. Our results suggest that the consequences for equity prices in the United Kingdom in response to spillovers from the US and the EA are similar in size. Inversely, the stock market responses across countries to central bank information shocks are positive for all economies in line with theory. Again, EA member states estimates to the ECB shock are larger in size, while we observe minor differences in the persistence of the responses and slightly larger effects in absolute size when compared to the monetary policy shock.
While effects for the previously discussed quantities were rather homogeneous across EA member states, reflecting the prior setup pooling information over the cross-section based on likelihood information, we observe more pronounced differences for consumer The discussion in the context of consumer prices, albeit to a lesser extent, also applies to industrial production reactions in panel (d). We do not observe significant responses on impact for most economies, however, the contractionary monetary policy shocks caused by the ECB translate to decreases in industrial production for most economies, with Germany, Greece and France exhibiting particularly large effects. The responses to the corresponding ECB information shock almost perfectly mirror these responses. By contrast, Fed shocks do not uniformly translate to expected international reactions. While Canada, Japan and the United Kingdom show pronounced declines following the Fed monetary policy shocks, and conversely, increases in industrial production when facing information shocks, most EA economies exhibit insignificant impact reactions turning significantly negative after approximately one year. Heterogeneities in industrial production responses across EA member states to ECB shocks are muted, corroborating findings in Barigozzi et al. (2014) and Potjagailo (2017) .
Zooming in on unemployment responses in panel (e) of Figs. 4 and 5, we detect upward movements in unemployment in response to a contractionary monetary policy shock by the ECB, and the converse response for central bank information shocks. The responses to the Fed shock for the remaining economies, especially for Japan and the United Kingdom, exhibit the expected signs for both the monetary policy and the central bank information shock, while we find some puzzling results for selected EA member states. Such differences, however, have also been found by Barigozzi et al. (2014) and may be explained by structural differences in labor markets such as varying elasticities.
CLOSING REMARKS
In this paper, we extend the literature on high-frequency identification of monetary policy and central bank information shocks to the multi-country context. In particular, combining aggregate variables for the US and the EA with country-specific information allows for simulating contractionary monetary policy and central bank information shocks and trace their transmission to individual countries. We provide a novel macroeconomic model for this purpose and adapt existing identification schemes proposed by Jarociński and Karadi (2019) to multi-economy analysis. The results are in line with theory in terms of the monetary policy shock and recent findings for the information shock for individual countries.
Our proposed analysis sheds light on international transmission channels and spillover dynamics, and the estimates provide substantial evidence for significant international effects.
B. POSTERIOR DISTRIBUTIONS AND MCMC ALGORITHM
Combining the likelihood of the data with the proposed prior structure yields a set of well-known conditional posterior distributions for most parameters. We use these posterior distributions for implementing a Gibbs sampling algorithm. After picking starting values, the algorithm iterates through the following steps for 9,000 times, discarding the initial 3,000 draws as burn-in (we consider each second draw of the retained posterior, resulting in a set of 3,000 draws for inference):
1.
Conditional on a draw of the full history of the latent factors {f t } T t=1 , the factor loadings L and the covariance matrix {Ω t } T t=1 , we obtain a set of K unrelated heteroscedastic regressions (see Kastner and Huber, 2017) for the VAR equations and standard formulae apply (see, for instance Koop, 2003) .
2.
Given a draw for the VAR coefficients, it is straightforward to obtain the posterior moments of the prior mean and covariance matrix. Specifically,
For the diagonal elements of V , that is v l (l = 1, . . . , L), we obtain v l |• ∼ G −1 (d v0 + N/2, d v1 + N i=1 (a ji − µ i ) 2 /2).
3.
The global-local prior setup for the aggregate equations for l = 1, . . . ,L implies a gamma distributed posterior for the global and a generalized inverse Gaussian distribution for the local shrinkage parameters with moments
For the hyperparameters b τ , no well-known closed form solution is available for the posterior, and we rely on a Metropolis-Hastings step with a log-normal proposal distribution (see also Huber and Feldkircher, 2019) .
4.
Conditional on the latent factors {f t } T t=1 , the free elements of the loadings matrix L can be drawn on an equation-by-equation basis via standard Bayesian regression models with heteroscedastic errors (see Aguilar and West, 2000) .
5.
The full history of the factors is sampled from independent Gaussian distributions by the assumed structure of the process. For the corresponding moments, see Fischer et al. (2019) .
6.
Simulation of {σ it } T t=1 and {ω jt } T t=1 for i = 1, . . . , F and j = 1, . . . , K is carried out using the R-package stochvol (Kastner, 2016) . The package also draws the parameters of the stochastic volatility state equations, with the corresponding posteriors provided in Kastner and Frühwirth-Schnatter (2014) .
